During their 120-day life span, human RBCs repeatedly traverse capillaries of the vascular bed and interendothelial slits of the venous sinus of spleen red pulp, both of which are narrower than their smallest dimension. 1 This necessitates maintenance of the ability of RBCs to undergo repeated, extensive, and reversible deformations. Repeated major membrane deformations induce ion and water permeability changes in the RBCs. [2] [3] [4] [5] The biconcave discoid shape endows the human RBC with an advantageous surface area-to-volume (S/V) ratio, allowing the cell to undergo marked deformations while maintaining a constant surface area. [6] [7] [8] A reduced RBC S/V ratio has long been recognized to contribute to pathogenesis of several RBC disorders, 9-11 including hereditary spherocytosis (HS), the most common cause of inherited chronic hemolytic anemia in Northern Europe and North America, with an estimated incidence of 1 in 2000. 11 The clinical presentation of HS can range from mild to severe hemolytic anemia. 12, 13 The molecular basis of HS is heterogeneous, the common denominator being the loss of HS RBC membrane surface area due to specific molecular defects in several membrane proteins (␣ or ␤ spectrin, ankyrin, protein 4.2, and protein band 3), which result in the loss of cohesion between the lipid bilayer and the membrane skeleton. 10, 11, 14, 15 The loss of membrane surface area results in the transformation of the biconcave discoid shape, first to a stomatocyte and finally to a spherocyte, with a progressive reduction in cellular deformability.
Introduction
During their 120-day life span, human RBCs repeatedly traverse capillaries of the vascular bed and interendothelial slits of the venous sinus of spleen red pulp, both of which are narrower than their smallest dimension. 1 This necessitates maintenance of the ability of RBCs to undergo repeated, extensive, and reversible deformations. Repeated major membrane deformations induce ion and water permeability changes in the RBCs. [2] [3] [4] [5] The biconcave discoid shape endows the human RBC with an advantageous surface area-to-volume (S/V) ratio, allowing the cell to undergo marked deformations while maintaining a constant surface area. [6] [7] [8] A reduced RBC S/V ratio has long been recognized to contribute to pathogenesis of several RBC disorders, [9] [10] [11] including hereditary spherocytosis (HS), the most common cause of inherited chronic hemolytic anemia in Northern Europe and North America, with an estimated incidence of 1 in 2000. 11 The clinical presentation of HS can range from mild to severe hemolytic anemia. 12, 13 The molecular basis of HS is heterogeneous, the common denominator being the loss of HS RBC membrane surface area due to specific molecular defects in several membrane proteins (␣ or ␤ spectrin, ankyrin, protein 4.2, and protein band 3), which result in the loss of cohesion between the lipid bilayer and the membrane skeleton. 10, 11, 14, 15 The loss of membrane surface area results in the transformation of the biconcave discoid shape, first to a stomatocyte and finally to a spherocyte, with a progressive reduction in cellular deformability.
Although a major role for the spleen in pathogenesis of HS is well established, 16 there are currently no data on the quantitative relationship between the extent of surface area loss and the extent of splenic entrapment. The only indirect evidence comes from early studies documenting reduced survival of Cr 51 -labeled spherocytes infused into healthy recipients, whereas the survival of normal RBCs in HS subjects was normal. [17] [18] [19] This implied that the reduced life span and splenic entrapment was an intrinsic feature of HS RBCs. Unfortunately, because neither the surface area nor the S/V ratio of infused spherocytes was measured in these studies, the extent of membrane surface area loss (or reduced S/V ratio) that leads to splenic retention of altered RBCs remains undefined. As a result, there is no predictive biologic parameter with which to estimate the risk of splenic entrapment of spherocytic cells and the ensuing anemia. Previously, we addressed this important issue using the isolated human spleen system 20 perfused with human RBCs with defined extents of surface area loss.
RBCs with defined loss in membrane surface area can be generated experimentally by treatment with lysophosphatidylcholine (LPC). 6, 7 By initially accumulating exclusively in the external leaflet of the RBC lipid bilayer, LPC induces in a dose-dependent manner echinocytosis (spiculation) and eventually spherocytes through the release of microvesicles. 21, 22 The effects of LPC on RBC morphology, surface area loss and S/V ratio, 7, 8, 21, 22 and cellular deformability 6, 7, 23, 24 have been documented extensively. In the present study, we used LPC treatment to induce various degrees of surface area loss and assessed several cellular changes: cell shape, S/V ratio, and cell deformability. The ability of the treated RBCs to traverse human splenic sinuses was monitored using the isolated perfused spleen system 20 and the rate of sequestration was quantified. We have established herein for the first time that RBCs with an average surface area loss of Ͼ 18% (corresponding to a Ͼ 27% decrease of S/V ratio) are rapidly sequestered in the spleen. Unexpectedly, kinetic analysis showed that a subset of RBCs with Ͻ 18% surface area loss adapted to repeated passages through the spleen by decreasing their volume and thus their sphericity, thereby escaping splenic entrapment.
Methods
This study was approved by the investigational review board of Ile-deFrance II (Paris, France).
Human spleen retrieval
Spleens were retrieved and processed as described previously. 20, 25, 26 Medical and surgical care were not modified, and patient written consent was obtained. All patients (5 female and 4 male, 47-72 years of age) underwent left splenopancreatectomy for pancreatic disease (neuroendocrine tumor, proven or suspected adenocarcinoma, cyst, unspecified tumor, or chronic pancreatitis). Spleens were macroscopically and microscopically normal in all cases. After examination of the macroscopic aspect of the spleen by the pathologist during a 30-minute period of warm ischemia linked to the surgical procedure, the main splenic artery was cannulated. The spleens were flushed with cold RPMI 1640-albumin solution for transport to the laboratory.
RBC labeling with PKH67 and/or PKH26
Blood from a blood center (Etablissement Français du Sang, Rungis, France) was washed 3 times in RPMI 1640 to remove WBCs. RBCs were labeled with the lipophilic fluorescent probes PKH67 or PKH26 (hematocrit, 5%) according to the directions of the manufacturer (Sigma-Aldrich) with some modifications to obtain 4 different populations of labeled RBCs. Two populations of RBCs were labeled with one PKH (RBC/PKH67, PKH67 dilution 1/1000; RBC/PKH26, PKH26 dilution 1/250). Two other populations of RBCs were labeled with both PKHs at different concentrations (RBC/KH26-67, PKH67 dilution 1/2000 plus PKH26 dilution 1/500; RBC/PKH67-26, PKH67 dilution 1/1000 plus PKH26 dilution 1/3000). These 4 populations of labeled RBCs could be distinguished by FACS, which allowed us to perfuse 4 distinct preparations in a single spleen and trace each population individually.
Treatment of RBCs with LPC
PKH-labeled RBCs were resuspended in LPC (0-15M) in PBS or PBS alone at a 1% hematocrit level to induce a controlled loss of membrane area. The LPC samples were incubated for 5 minutes at room temperature. After incubation, samples were washed 3 times with PBS and resuspended in Krebs-albumin for further analysis.
Measurement of RBC deformability
RBC deformability was measured by ektacytometry using a laser-assisted optical rotational cell analyzer (Mechatronics) as described previously. 27 The elongation index (EI), a unit of RBC deformability, was defined as the ratio of the difference between the 2 axes of the ellipsoidal diffraction pattern and the sum of these 2 axes.
Ex vivo spleen perfusion
Isolated-perfused spleen experiments were performed as described previously 20, 25 in a Plexiglas chamber maintained at 37°C by a regulated warm air flow. The perfusion of mixture of untreated (RBC/PKH) or LPC-treated (RBC/PKH/LPC) PKH-labeled RBCs (15%-25% final hematocrit in Krebsalbumin medium) was performed over a 1-to 2-hour period. The percentage of circulating LPC-treated cells was quantified by flow cytometric analysis (FACSCalibur; BD Biosciences). Data were analyzed using CellQuest 3.3 software (BD Biosciences).
Analysis of RBC morphology and dimensions
Untreated or LPC-treated RBCs were fixed with PBS-paraformaldehyde (1%) for analysis. Image acquisition and data analysis were done as described previously. 28 Images were acquired on the ImageStream imaging cytometer (Amnis). At least 10 000 images were collected for each sample. Postacquisition data analysis was performed using the IDEAS Version 4.0 image analysis software package (Amnis). Morphologic (compactness, circularity, aspect ratio, and shape ratio) and dimension (surface area, diameter, and perimeter) parameters of RBCs were calculated using images of RBCs by IDEAS software.
Osmotic fragility test
Osmotic fragility of RBCs was determined according to the method originally described by Parpart et al. 29 Untreated or LPC-treated RBCs were incubated for 30 minutes in hypotonic solutions with NaCl content ranging from 0.1%-0.9% (hematocrit, 1%). After centrifugation, absorbance of the supernatants was measured at 540 nm using a spectrophotometer and the percent hemolysis was calculated for each supernatant and plotted against NaCl concentrations.
Scanning electron microscopy
RBC specimens were fixed in 2.5% glutaraldehyde in cacodylate buffer (0.1M) overnight at 4°C. RBCs were dropped gently onto a glass coverslip that had been treated with polylysine. After 3 cacodylate buffer rinses (10 minutes each), the specimens were fixed with 1% osmium tetroxide for 1 hour. After 3 rapid washes in water, samples were processed through an ethanol dehydration series of 25%-100% ethanol, followed by critical point drying with CO 2 . Dried specimens were sputtered with 22-nm gold palladium, examined, and photographed with a JEOL JSM 6700F field emission scanning electron microscope operating at 5 or 7 kV. Images were acquired with the upper detector and the lower secondary detector.
Results

RBC treatment with LPC results in a dose-dependent loss of surface area and deformability
RBCs were exposed to increasing LPC concentrations to generate RBC populations with progressively decreasing membrane surface areas ( Figure 1A ). Surface areas and diameters of the LPC-treated RBCs were reduced significantly (supplemental Figure 1A , available on the Blood Web site; see the Supplemental Materials link at the top of the online article), and their volume was only slightly elevated (Table 1) , resulting in a substantial increase in sphericity, with most cells becoming nearly perfect spheres at high LPC concentrations ( Figure 1B and supplemental Figure 1B-D) . The RBC populations were morphologically homogenous even at low LPC concentrations, as indicated by the uniform shifts of RBC distribution patterns ( Figure 1C) . Because of the decrease in RBC surface area and a corresponding slight volume increase, there was a decrease of the S/V ratio (Table 1) . RBCs with a decreased S/V ratio exhibit increased osmotic fragility in hypertonic solution, 7 a feature displayed by the LPC-treated RBCs (Figure 2A-B) .
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Ektacytometric analysis showed that LPC-treated RBCs exhibited lower cellular deformability than control RBCs (Figure 2C ), a feature that was not related to increased internal RBC viscosity, 7 because there was little or no change in the mean corpuscular hemoglobin concentration and thus cytoplasmic viscosity after exposure to LPC ( Table 1 ). The deformability profiles were characteristic of RBCs exhibiting a loss of surface area, 7 implying that a reduced RBC S/V ratio accounts for decreasing values of EI (a deformability parameter) of LPC-treated RBCs. The maximum value of EI (EI max ) and the percentage of surface area loss were correlated inversely (r ϭ Ϫ0.97; P Ͻ .0001; Figure 2D ). LPCtreated RBCs do not mimic HS RBCs perfectly. In addition to surface area loss, there is the additional contribution of increased internal viscosity to reduced deformability of HS RBCs because of the presence of a subpopulation of dehydrated cells with high mean corpuscular hemoglobin concentration. 6 
Retention of LPC-treated RBCs by the isolated-perfused human spleen is determined by the extent of surface area loss
To understand how the human spleen handles RBCs displaying decreased surface area at constant mean cell volume (ie, with a Figure 1 . Effects of LPC treatment on RBC membrane surface area and cell morphology. Analysis of RBC dimension, morphology, and morphologic homogeneity using ImageStream technology. There is a dose-dependent shift toward lower values of the distribution of RBC membrane surface area (A), whereas the aspect ratio (sphericity; B) increased with increasing concentrations of LPC. (C) The RBC populations are morphologically homogenous even at low LPC concentrations, as characterized by the RBC distribution shifting as a whole. RBCs with a circular shape in the control group did not correspond to spherical cells, but were instead discocytes, because the images were captured face on. For personal use only. on April 2, 2017. by guest www.bloodjournal.org From reduced S/V ratio), isolated human spleens were perfused with a preparation containing RBCs exposed to different LPC concentrations and control RBCs, each differentially labeled with fluorescent PKH26 and/or PKH67 probes. Circulating cells were sampled from the perfusion medium over a 2-hour period of perfusion and the various labeled RBC populations were monitored by flow cytometry. The LPC-treated RBCs were rapidly cleared by the human spleen, with a mean clearance half-time of 3.5 minutes (range, 2.0-5.0; Figure 3A and supplemental Figure 2 ). The maximum level of clearance occurred between 10 and 20 minutes. The level of splenic retention increased (range, 18%-96%) with increasing concentrations of LPC (0-10M; Figure 3A ) and with increasing extents of surface area loss (range, 1%-28%; Figure 3B ). There was a positive correlation (r ϭ 0.95; P Ͻ .0001) between the percentage of RBCs retained by the spleen and the extent of RBC surface area loss. A surface area loss of 3% (an approximately 13% decrease of the S/V ratio) resulted in the retention of 27% of RBCs within the spleen ( Table 1) . Clearance of the RBC population became massive (Ͼ 90%) after a surface area loss of Ͼ 18% (Ͼ 27% decrease of the S/V ratio; Figure 3B ). This retention cannot be explained by saturation of the splenic filtration function, given the small percentage of modified RBCs perfused (approximately 4%-5% of the total RBCs).
Adaptation of a subset of surface-deficient RBCs during splenic transit
Even at the highest extent of membrane surface area loss, a subset of LPC-treated RBCs exited from the spleen, as reflected by the existence of a plateau in cell clearance studies ( Figure 3A) . To obtain insights into the cellular features of this subpopulation, we compared the dimension and morphology of the RBCs at the onset of perfusion (time 0, T0) and those recovered from the perfusate after 40 minutes of perfusion (T40; ie, when the plateau was attained). Data from a representative study are shown in Figure 4 and supplemental Figure 3A through D. The dimensions and morphologic parameters of untreated RBCs were unchanged between T0 and T40 (supplemental Figure 3C-D) . For all concentrations of LPC, surface area, diameter, and perimeter of the LPC-treated RBCs were similar at T0 and T40 and were significantly lower than that of untreated RBCs (Figure 4A-C) . In marked contrast, the circularity and aspect ratio values of the LPC-treated RBCs collected at T40 were different from values at T0 and closer to those of control RBCs (Figure 4D-E) . These findings suggest a likely reduction in the volume of a subpopulation of LPC-treated RBCs circulating at T40 to compensate for the surface area loss. The acquisition of a more favorable S/V ratio due to decreased 
Discussion
The results of the present study demonstrate clearly that cell surface area loss with reduced S/V ratio is a significant predictor of splenic sequestration of human RBCs. A loss of 18% of the cell surface area (corresponding to a Ͼ 27% decrease of the S/V ratio) led to rapid RBC entrapment in normal human spleens. The majority of these surface-deprived RBCs were trapped during their first passage through the isolated spleen. Therefore, it appears that their spheroidal shape renders them incapable of undergoing the cellular deformation necessary to squeeze across the interendothelial slits of the venous sinus, which have apertures of 0.2-0.5 ϫ 2-3 m. 1, 26 This determination of human spleen retention threshold of surface-deficient RBCs has significant implications for diagnosis (spleen functionality) or prognosis studies in the field of RBC hemolytic disorders and for drug screening (identification of compounds susceptible to inducing severe anemia).
In the present study, we found that even at the highest extent of membrane surface area loss, a subset of LPC-treated RBCs exited from the spleen. Several hypotheses might explain these results. First, the heterogeneity of the initial population of LPC-treated RBCs might include more spherical RBCs (preferentially entrapped in the 
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For personal use only. on April 2, 2017. by guest www.bloodjournal.org From spleen) and LPC-treated RBCs with dimensions closer to normal values. The fact that LPC-treated RBC dimensions (for all concentrations of LPC) were similar between T0 and T40 and were both reduced significantly from that of untreated RBCs (Figure 4A-C) exclude the possibility that heterogeneity of the initial LPC-treated RBC population is responsible for continued circulation of this subpopulation of cells. Second, LPC-treated RBCs might acquire membrane lipids 30 that increase their surface area and restore the cell S/V ratio; permitting them to escape spleen retention. 31 In the present study, all experiments were done without serum or plasma. Moreover, the fact that LPC-treated RBCs dimensions were similar between T0 and T40 and were both different from that of control RBCs (Figure 4A-C) suggests that the reacquisition of membrane surface area by LPC-treated RBC membrane cannot explain the presence of an uncleared LPC-treated RBC subpopulation. Third, the survival of an LPC-treated RBC subpopulation might be because of their S/V ratio returning toward normal values through a decrease in cell volume as a result of regulation of ions and water permeability of the cell. [2] [3] [4] [5] It is well established that, when submitted to increased mechanical stress, normal RBCs exhibit a reversible increase in permeability to monovalent [2] [3] [4] [5] 32, 33 and divalent 5, 34 cations and to anions. 5 Such phenomena have been shown to be exacerbated when RBC membrane rigidity is increased 3 or when the surface area is reduced, as is the case in HS RBCs. 14, 35 This provokes a transient dehydration and increased loss of intracellular potassium that is only partially offset by an increase in intracellular sodium. 14, 34, 36, 37 If such a process takes place in the circulating LPC-treated RBCs, this would lead to a decrease in cell volume, creating a more favorable S/V ratio and enabling the surface-deficient RBCs to remain in the circulation. This hypothesis is supported by the fact that LPC-treated RBC dimensions were similar at T0 and T40 and both were significantly lower than that of untreated RBCs ( Figure  4A-C) . However, the sphericity value of untrapped, LPC-treated RBCs was different from values at T0 (Figure 4D -E) and closer to those of control RBCs (supplemental Figure 3C-D) . This phenomenon of adaptive volume regulation might take place between 10 and 20 minutes of splenic perfusion, indicating that acquisition of a favorable S/V ratio by the surface-deficient RBC subpopulation takes a relatively short time, possibly through deformationinduced membrane permeability modifications. Similar findings have been described previously in a study in mice, 8 which have nonsinusoidal spleens. 38 In summary, the present study enabled the definition of the relationship between the S/V ratio of human RBCs and splenic entrapment and documented the critical extent of surface area loss that leads to rapid splenic removal. Interestingly, it provides a novel paradigm, namely that surface-deprived RBCs might adapt and escape splenic retention through the regulation of cell volume. The human RBC plasma membrane and the membrane skeleton provide the RBCs with unique structural and functional properties, permeability characteristics that operate to regulate a favorable S/V ratio necessary for undergoing extensive deformations essential for optimal function. BLOOD, 12 JULY 2012 ⅐ VOLUME 120, NUMBER 2 For personal use only. on April 2, 2017. by guest www.bloodjournal.org From
